Furthermore, female genital schistosomiasis, another potential outcome from infection with S haematobium, may be a risk factor for HIV co-infection. [6] [7] [8] Despite the significant impact of urogenital schistosomiasis, relatively little is known regarding the mechanisms contributing to the pathophysiology of this disease; the majority of research efforts in schistosomiasis have been concentrated on hepatosplenic schistosomiasis caused by Schistosoma mansoni. 9 This is primarily due to the lack of an experimentally tractable animal model-baboons have been useful as they can faithfully recapitulate human urogenital schistosomiasis, 10 but they are expensive and controversial to use.
Rodent models of urogenital schistosomiasis using mice and hamsters result in little to no involvement of the urogenital system. 11, 12 To bypass this limitation, viable S haematobium eggs can be injected directly into the bladder walls of mice. These eggs induce granulomatous reactions which reproduce many features of the human disease, including inflammatory cell activation and infiltration, fibrosis, egg excretion in urine and urinary dysfunction. [13] [14] [15] However, this approach cannot ascertain the effect of cercarial-, schistosomular-and worm-triggered immune responses on the egg-induced granulomatous reaction. Although the majority of schistosomiasisinduced pathology is due to eggs deposited in tissue, work by others suggest that host exposure to early life cycle stages may alter subsequent liver tissue responses to eggs. 16, 17 We hypothesized that a mouse model combining percutaneous infection with S haematobium cercariae and bladder wall injection with S haematobium eggs would produce a unique host immune response compared to either approach alone, and would better recapitulate human urogenital schistosomiasis. cercariae used to infect mice were provided by BRI. We performed power calculations that showed to achieve an alpha-value of 0.80;
| MATERIAL S AND ME THODS

| Animals
we required at least n = 5 based on previous work with this model. 14 All animal work was conducted according to relevant US and international guidelines. The animal protocols associated with the work described in this study were approved by the Institutional Animal
Care and Use Committee (IACUC) of BRI.
| Schistosoma haematobium egg isolation
Hamsters were sacrificed 16-week post-infection to obtain eggs from livers and intestines. 18 Briefly, livers and intestines were suspended in a 1.2% NaCl solution containing antibiotic-antimycotic solution (100 units penicillin, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin B; Sigma-Aldrich), minced, homogenized in a Waring blender and passed through a series of stainless steel sieves with sequentially decreasing pore sizes and retained on a 45-μm sieve.
Livers and intestines from uninfected hamsters were prepared in a similar fashion for control injections.
F I G U R E 1 Experimental design. A, Mice were divided into four groups and were exposed or not exposed to Schistosoma haematobium cercariae. Their bladder walls injected with S haematobium eggs or vehicle 5 wk following infection. B, Timeline for mouse exposure to cercaria and bladder wall injections
| Schistosoma haematobium cercarial exposure and egg injection
To test our hypothesis, we used four groups of BALB/c mice ( Figure 1 antibiotic ointment. Previous work shows that peak host immune responses occur at 3-week post-egg deposition. 14, 20 Therefore, mice were sacrificed at week 8 to collect bladder specimens for cytokine analysis.
Sera were collected 1 day prior to sacrifice for cytokine analysis.
| Cytokine analysis
Bladders were excised and suspended in Tissue Extraction Reagent I (Invitrogen, Camarillo, CA) supplemented with protease inhibitor cocktail at a ratio of 10 mL of reagent to 1 g of tissue. Bladder tissues were then homogenized using a bead beater and centrifuged at 10 000 x g for 5 minutes to pellet tissue debris. The supernatants were collected and frozen at −80°C. The first five bladder extract and serum samples for each group were assayed using a mouse 38-plex cytokine kit (Affymetrix, Santa Clara, CA). The second five were assayed using an expanded mouse 39-plex kit (Affymetrix).
The two kits were identical except for the addition of a leptin assay in the second kit. Assays were performed in the Human Immune
Monitoring Center at Stanford University following manufacturer's instructions. Analysed proteins are listed in Table 1 .
| Statistical analysis
Groups were compared using unpaired Student's t test or twoway analysis of variance followed by Bonferroni's test for multiple comparisons. Data were expressed as mean ± standard deviation. For principal component analysis (PCA), datasets were loaded into R, and the prcomp() function was used to perform PCAs. The first two dimensions were then used to generate PCAs. Charts were created using ggplot2.
| RE SULTS
| Cercarial infection did not change parasitological parameters
Adult worms were perfused from the hepatic portal system and manually removed from the mesenteric veins to estimate worm burden.
TA B L E 1 Assayed cytokines (Luminex platform)
Mouse 38-plex Consistent with prior literature, no worms were seen in the pelvic venous system. 21 To quantify tissue egg burden, liver and intestine samples were collected from each animal, digested in 4% KOH, washed and resuspended in 1.2% NaCl. 18 Egg bladder wall injection did not alter worm burdens in cercaria-exposed mice compared to vehicle bladder wall-injected, cercaria-infected mice (Figure 2 ), consistent with prior literature. 22 No liver egg burden was observed on gross examination.
Egg deposition in the bladder causes granuloma formation, which would increase bladder wet weight. To determine the effects of prior cercarial exposure, bladder wet weights of the mice were recorded. The bladders of egg-injected mice ("NI" and "II", Figure 3 ) were significantly heavier than those of vehicle bladder wall-injected mice ("NN" and "IN"
[P < 0.0001]). We observed no significant differences in bladder wet weights in the vehicle bladder wall-injected groups with or without cercarial infection, and no significant differences between egg bladder wall-injected mice with or without cercarial infection, suggesting that granuloma mass was not significantly affected by adult worms (Figure 3 ).
| Cercarial infection combined with egg bladder wall injection induces local and systemic immune responses distinct from bladder wall injection with eggs alone
Analysis of cytokines in bladder tissue homogenates and sera revealed significant differences between egg-injected groups with or without cercarial challenge ( Figure 4 and Supporting Information).
Cercarial infection combined with egg bladder wall injection resulted in higher bladder leptin levels compared to those of mice that received egg bladder wall injections without cercarial exposure ("II" vs "NI", Figure 4A ). Exposure to cercaria followed by egg bladder wall injection led to increased serum concentrations of IL-1α, IL-13 and TGF-β vs those of mice that underwent egg bladder wall injection without cercarial infection ("II" vs "NI", Figure 4B ). In several cases, the combined model ("II") produced a significant increase in cytokines and chemokines compared to uninfected, vehicle bladder wall injection-negative controls ("NN"), whereas egg bladder wall in- 
| D ISCUSS I ON
The complex interactions between hosts and schistosomes necessitate the use of live animal models for schistosomal research. were not observed in the sera of mice receiving only egg bladder wall injections ("NI"), which may be attributed to the lack of exposure to cercariae, schistosomula and/or adult worms, thus highlighting an important advantage to the combined model for understanding systemic immune responses to S haematobium. 29, 30 Several key differences in serum cytokine levels were detected when comparing egg-injected mice with or without cercarial exposure ("NI" vs "II", Figure 4B ): the proinflammatory cytokine IL-1α, the type 2 cytokine IL-13 and the regulatory/pro-fibrotic cytokine TGF-β. This suggests that cercarial exposure triggers additional systemic immune responses not induced by bladder eggs alone. In contrast, the only bladder cytokine showing significantly different levels in egg bladder wall-injected, cercarial unexposed ("NI") vs egg bladder wall-injected, cercarial exposed ("II") mice was leptin. This cytokine has been implicated in metabolism and wasting and has been noted to be inversely correlated with antibodies against S haematobium in infected boys. 31 In addition, leptin downmodulates the proliferation of Foxp3 + CD4 + CD25 + T reg cells 32 and induces the release of IFN-γ and TNF-α, shifting the immune response towards a Th1 response. 33 Although the immunomodulatory role of leptin in urogenital schistosomiasis has F I G U R E 4 Cytokine analysis of bladder homogenates (A) and sera (B) from mice undergoing vehicle bladder wall injection alone ("NN"), cercarial infection and vehicle bladder wall injection ("IN"), egg bladder wall injection alone ("NI"), and both cercarial infection and egg bladder wall injection ("II"). *P < 0.05, **P < 0.01, ***P < 0.001 not been fully explored, parasite-induced leptin manipulation has been implicated in host behavioural changes that enhance helminth transmission. 34 Though a range of cytokines were reviewed, not every cytokine and chemokine were surveyed. To address this limitation, RNA-Seqbased studies of the bladder are planned to explore the immune response to schistosome eggs with more nuance. In addition, the study described herein discerns solely cytokines and chemokines as metrics for local and systemic immune responses; however, based on the lack of changes in key cytokines, we opted not to characterize circulating or infiltrating leucocyte phenotypes via FACS analysis.
In conclusion, we have found that bladder wall injection with S haematobium eggs alone may overall be sufficient to study immune responses localized to the bladder. However, our findings suggest that cercarial exposure should be added to our egg bladder wall injection model to better understand systemic immune responses induced by S haematobium cercariae, which precede egg deposition in the parasite life cycle. This study only examined the effects of a single cercarial infection, and so we acknowledge that a trickle cercarial infection may result in different and interesting findings worthy of further study. Furthermore, the biological significance of leptin in urogenital schistosomiasis remains to be determined and should continue to be researched. Future work could include
RNA-Seq analysis of the serum and bladder at different time points post-infection to tease out the subtle contributions of cercaria and eggs to urogenital schistosomiasis on the host transcriptional level.
Our findings suggest that cercarial exposure should be added to our egg bladder wall injection model to better understand systemic immune responses induced by S haematobium. 
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